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and the ability to easily collect and manipulate blood in nonterminal experiments make blood an ideal tissue on which to study the cellular stress response in fish. Through the use of the cGRASP 16K salmonid microarray, we investigated differences in RBC global gene transcription in fish held under control conditions (11°C) and exposed to heat stress (1 h at 25°C followed by recovery at 11°C). Repeated blood sampling (via a dorsal aorta cannula) enables us to examine the individual stress response over time. Samples were taken preheat stress (representing individual control) and at 4 and 24 h postheat stress (representing early and late transcriptional regulation). Approximately 3,000 microarray features had signal above threshold when hybridized with RBC RNA-derived targets, and cannulation did not have a detectable effect on RBC mRNA expression at the investigated time points. Genes involved in the stress response, immune response, and apoptosis were among those showing the highest dysregulation during both early and late transcriptional regulation. Additionally, genes related to the differentiation and development of blood cells were transcriptionally upregulated at the 24 h time point. This study provides a broader understanding of the mechanisms underpinning the stress response in fish and the discovery of novel genes that are regulated in a stress specific manner. Moreover, salmonid transcripts that are consistently dysregulated in blood in response to heat stress are potential candidates of nonlethal biomarkers of exposure to this particular stressor.
cannulation; gene transcription; microarray; heat shock protein; apoptosis; hematopoiesis AS ECTOTHERMS, FISH EXPERIENCE seasonal and daily fluctuations in water temperatures in their aquatic environment. Effects of temperature variation are manifested at every level of biological organization, and accordingly, fish rely upon behavioral, physiological, and cellular mechanisms to cope with thermal stress (26) . The coordinated changes in the levels of individual transcripts contributing to the cellular mRNA pool (transcriptome) are some of the most rapid and versatile responses available to organisms experiencing environmental stress (6) , but information is scarcer concerning the changes at the transcriptome level that underpin the responses observed at the biochemical and physiological level. Transcriptional profiling, through the use of microarrays, is becoming an invaluable tool for elucidating the changes in gene expression associated with the stress response of organisms (2, 23) .
Rainbow trout (Oncorhynchus mykiss) is one of the most widely studied model fish species, and a vast amount of biological information has been collected as a result of its widespread use in research (69, 73) . The development of a 16,000 feature (16K) cDNA microarray platform for salmonid species [Gene Expression Omnibus (GEO) accession number GPL2716] by the consortium for Genomics Research on All Salmonids Project (cGRASP) (73) has enabled research on rainbow trout to be taken beyond single gene studies, allowing the mRNA expression of whole suites of genes to be monitored simultaneously. Salmonid cDNA microarrays are effective tools for global gene expression studies of all salmonid species including rainbow trout (31, 63, 74) . DNA microarray experiments provide a broad view of the transcriptional changes that accompany the changes observed at the physiological level (22, 73) . Rainbow trout are an ideal species for investigating the effects of thermal stress as they prefer colder temperatures (4 -15°C) but are occasionally exposed to, and capable of enduring, temperatures Ͼ25°C (67) . One of the most common features of the cellular thermal stress response, and consequently one of the most studied, is the expression of heat shock proteins (HSPs; 15). One of the most highly conserved of the HSPs is the inducible form of Hsp70, which is most commonly expressed in response to thermal stress. The red blood cells (RBCs) of fish are nucleated, synthesize proteins in the circulation, and have levels of aerobic metabolism. In addition to exhibiting one of the greatest heat shock responses, blood plays a vital role in delivering oxygen and fuel to tissues and organs, making it an ideal tissue on which to study the transcriptome response to stress (5, 9, 10, 40) .
To our knowledge, this is the first study to provide an overall description of the transcriptome of the teleost RBC. Moreover, our ability to collect and manipulate blood easily via nonterminal means through repeated sampling allowed us to track the stress response at the mRNA level of an individual over time. In addition to these novel approaches, we also aimed to extend the understanding of the thermal stress response of the teleost RBC beyond single gene studies, to investigate the effects of thermal stress on whole suites of genes. Our approach identified multiple genes and pathways that were dysregulated in rainbow trout RBCs in response to heat stress. The list of upregulated transcripts included some with functional annotations related to immune response, apoptosis, and hematopoiesis, in addition to expected stress protein-encoding transcripts.
MATERIALS AND METHODS

Experimental Animals and Sampling
Rainbow trout (female with a mean weight of 207.46 Ϯ 18.57 g) were obtained from Ocean Trout Farms, Brookvale, PEI, Canada, and transported to Mount Allison University, where they were kept in a 1,300-liter tank supplied with aerated flow-through well water (9 -11°C) and exposed to a 16 h light-8 h dark photoperiod. Fish were fed to satiation three times a week on a commercial feed pellet, and food was withheld for 48 h prior to surgery. Trout (n ϭ 12) were anaesthetized in a buffered 3-aminobenzoic acid ethyl ester (MS-222) solution (0.5 g MS-222, 1 g NaHCO 3/l), and a dorsal aorta cannula was surgically implanted following the method described by Smith and Bell (64) . We allowed the fish to recover for at least 24 h in darkened acrylic boxes supplied with flowing, aerated water at 11-13°C before beginning sampling. Trout were exposed to either control conditions (n ϭ 6), maintained at 11-13°C for the duration of the experiment, or an acute heat stress, where water temperatures were increased 3°C/h from 13 to 25°C. This temperature protocol has been previously shown to successfully induce HSPs in rainbow trout RBCs (57) , and the upper temperature of 25°C is one that is now experienced by salmonids during summer in their natural environment (67) . Trout were maintained at 25 Ϯ 0.5°C for 1 h (heat stress period) and then allowed to gradually return to 13°C (within 2 h). Approximately 0.4 ml of blood was sampled through the cannula, from both heat stressed and time-matched control fish, three times within a 24 h period: at the beginning of the experiment (t ϭ 0 h), 4 h postheat stress (t ϭ 4 h), and 24 h postheat stress (t ϭ 24 h). These time points were chosen to represent an early and late transcriptional response, with the knowledge that although the upregulation of HSPs at the transcriptional level begins immediately postheat stress, the greatest expression of Hsp70 mRNA in brook trout (Salvelinus fontinalis) occurs at 4 h postheat stress (40) . An equivalent volume of heparinized (100 units/ ml) Cortland's saline (143 mM NaCl, 5.0 mM KCl, 1.0 mM MgSO 4, 5.0 mM NaHCO3, 3 mM NaH2PO4, 1.5 mM CaCl2, 5 mM glucose, pH 7.8) was injected into the cannula after sampling to maintain fluid volume. At the end of the experiment fish were killed with a lethal dose of buffered MS-222 (1.0 g MS-222, 2 g NaHCO 3/l). Blood samples were also taken from a separate group of trout at the University of Ottawa (Linwood Acres Trout Farm, Campbellcroft, ON, Canada) for use as a common reference pool during microarray analysis. These fish were held under the same environmental conditions (temperature and photoperiod) as the experimental group of fish. Six trout were anesthetized with buffered MS-222 (1.0 g MS-222, 2 g NaHCO 3/l), and ϳ2 ml of blood was rapidly taken via caudal puncture from each fish.
Sample Processing and RNA Extraction
Hematocrit was measured in duplicate by centrifugation in a hematocrit centrifuge for 5 min at 13,000 rpm. Remaining whole blood was centrifuged for 4 min at 15,000 rpm at 13°C to separate plasma and RBCs. The plasma and buffy coat, containing white blood cells, were removed, and RBCs were immediately frozen in liquid nitrogen and stored at Ϫ80°C until RNA preparation. A portion of the plasma was frozen at Ϫ80°C until analysis for plasma cortisol levels with a commercially available radioimmunoassay kit (MP Biomedicals).
RBCs were homogenized in TRIzol reagent (Invitrogen) with sterile, disposable pestles and a hand-held homogenizer. Resulting homogenates were used for total RNA extraction following the TRIzol manufacturer's protocol with modifications. Due to the high protein content of the RBC sample, the amount of TRIzol used was increased (100 mg tissue:1.2 ml TRIzol). Total RNA was then DNase I-treated to degrade any residual genomic DNA and column-purified to remove free nucleotides, salts, and proteins, using the RNeasy MinElute RNA Cleanup Kit (Qiagen). RNA integrity was determined using a Bioanalyzer 2100 (Agilent) ( Supplementary Table S1 ), 1 and concentration was measured on a NanoDrop spectrophotometer (NanoDrop Technologies). DNase-treated, column-purified total RNA samples from both treatments (heat stress and control) and all three time points (0, 4, and 24 h) were stored at Ϫ80°C until analysis. Approximately 50 g of DNase-treated, column-purified total RNA samples from each of the six fish sampled for the common reference were pooled (300 l total), divided into 10 l aliquots, and stored at Ϫ80°C until analysis.
Microarrays, cDNA Labeling, and Hybridization
All of the 16K cGRASP microarrays (74) used in this study were from the same printing batch (batch IA001, http://web.uvic.ca/grasp), and transcript levels were determined for both time-matched control and heat-stressed groups at each time point by comparing the amount of mRNA present in the experimental sample (i.e., DNase-treated, column-purified total RNA from one individual control or heatstressed RBC sample) to the common reference sample (i.e., pool of DNase-treated, column-purified total RNA from six undisturbed control rainbow trout RBC samples). All target syntheses were performed using the SuperScript Indirect cDNA Labeling System kit and instructions (Invitrogen). We reverse transcribed (RT) 7 g of DNasetreated, column-purified total RNA from either an experimental individual sample or the common reference pool using an anchored oligo(dT) primer and an RT cocktail containing: 5ϫ first-strand buffer, 0.1 M DTT, 10 mM dNTP mix (containing 1 aminoallyl and 1 aminohexyl modified nucleotide), RNaseOUT Recombinant Ribonuclease Inhibitor (40 U/l), and Superscript III reverse transcriptase (400 U/l). Reverse transcription was carried out for 3 h at 46°C. The cDNA was column purified with the S.N.A.P. column kit (Invitrogen), and the resulting purified cDNA was incubated with the provided coupling buffer for 2 h at 4°C. Cyanine (Cy) 3 (used to label experimental samples) or Cy5 (used to label reference samples) monoreactive dyes (GE Healthcare) were dissolved in room temperature dimethylsulfoxide (DMSO), added to respective samples, and incubated for 2 h at room temperature. Following a second column purification with the S.N.A.P. column kit, fluorescently labeled cDNA was eluted in 50 l DEPC-treated dH 20 and quantified using a NanoDrop spectrophotometer. Equivalent amounts of cDNA from both Cy3-labeled individual and Cy5-labeled common reference samples were pooled, and 26 l of pooled cDNA was combined with 30 l formamide based hybridization buffer [formamide, 20ϫ SSC, 20% SDS, 100ϫ Denhardt's solution, RNase/DNase-free H 2O (all chemicals and reagents from Sigma)] and 4 l LNA dT blocker (Genisphere), incubated at 80°C for 10 min, and then held at 65°C in a thermal cycler with a heated lid until hybridized to the array. The following microarray washes were performed in sterile 50 ml conical tubes (BD Falcon) prior to prehybridization: 2 ϫ 5 min washes in a 0.2% SDS solution, followed by 5 ϫ 1 min washes in sterile MilliQ water. Slides were dried by centrifugation (2,000 g for 5 min at room temperature) and incubated for 90 min in a sterile conical tube containing a blocking prehybridization solution containing 5ϫ SSC, 0.1% SDS, 3% bovine serum albumin (Sigma) in a water bath at 49°C. Before hybridization, slides were washed (3 ϫ 20 s) with sterile MilliQ water and dried by centrifugation as before. Samples (60 l) were gently pipetted onto the center of the array, coverslips (Fisher) were carefully added, and slides were placed in a water-tight hybridization chamber (Corning Life Sciences). Hybridizations were performed at 49°C in a water bath for 16 h in the dark. Coverslips were floated from the arrays in a Petri-dish filled with prewarmed 2ϫ SSC, 0.1% SDS solution. The following series of gentle washes were then performed in sterile conical tubes to remove unbound labeled cDNA: 1 ϫ 10 min in 2ϫ SSC/0.1% SDS (49°C), 2 ϫ 5 min in 2ϫ SSC/0.1% SDS (room temperature), 2 ϫ 5 min in 1ϫ SSC, 4 ϫ 5 min in 0.1ϫ SSC. Slides were dried as before and immediately scanned with a ScanArray 5000XL (Packard -Perkin Elmer). The same laser power (90%) and photomultiplier tube settings (80% Cy3 and 70% Cy5 to balance the channels) were used for all slides involved in this study.
Microarray Scanning and Data Analysis
TIFF images containing fluorescence signal data for each array were loaded into ImaGene 7.5 software (BioDiscovery), which was then used for data extraction. Background correction, data transformation (conversion of background-corrected values Ͻ0.01 to 0.01), Lowess normalization, and subsequent analyses (calculation of fold change and compilation of dysregulated transcript lists) were performed in GeneSpring GX 9.0 (Agilent Technologies). The transcript expression levels were determined for each fish/time point using the ratios of background-corrected Lowess normalized (BCLN) fluorescence signal between the Cy3 and Cy5 channels (i.e., the ratio of Cy3 over Cy5) for salmonid cDNA features. The use of a common reference design removed the need to perform dye swaps, as all experimental samples (i.e., individual heat-stressed and time-matched control samples) were compared with the same common reference sample (11, 12) . Quality statistics (e.g., signal-to-background ratio) were compiled in Excel from raw ImaGene data files. Based on these data seven arrays were excluded from the study due to low signal (signal-to-background ratio Ͻ5): three for the control group at 4 h (fish C3, C5, and C6), one for the control group at 24 h (fish C6), and all time points from fish H9 in the heat stress group. For each array, thresholds were based on the six exogenous genome Arabidopsis thaliana control cDNAs features spotted 16 times each (total of 96 spots) on the 16K cGRASP array (v. 2.0) (74) . Thresholds were calculated for each channel of each array separately as the average of the raw signal of all A. thaliana features plus one standard deviation. These values were then used to remove low signal (i.e., close to background) features from reproducibly informative gene lists.
The first step in the analysis was to identify the transcripts that were differentially regulated (Ͼ2-fold) in the time-matched control fish relative to the reference (i.e., pool of RNA from RBCs of six undisturbed rainbow trout). These were defined as any transcript with two or higher fold-change between control and reference in any of six out of six (0 h time point), three out of three (4 h time point), or five out of five (24 h time point) biological replicate arrays. The genes represented by features identified by these criteria were removed from the informative list of transcripts with twofold or higher dysregulation due to heat stress, thus excluding transcripts that may be affected by handling, surgery, or confinement stress. Similar analysis was performed for the heat stress group, in which only the genes dysregulated at the mRNA level at least twofold relative to the reference (in all five biological replicate arrays for a given time point) that were not dysregulated in any of the control arrays (see above) and had signal in the dominant channel (i.e., channel with the higher BCLN in a given gene list) above threshold in four out of five biological replicate arrays were considered to be informative. A list of the informative features, current BLASTx hits, and supporting statistics are presented in Tables  3 and 4 . The use of the twofold change in expression as a cutoff point is a conservative approach, and as such it is possible that lower-fold transcriptional changes with important roles in the response to stress may have been eliminated in our analysis. However, this approach has merit and is utilized in many microarray studies (2, 24, 55, 60, 61, 70, 78) , and in the current study it has provided important insights into the largely uninvestigated area of the nucleated RBC transcriptome and its response to stress.
cDNA Synthesis, Molecular Cloning, and Sequencing of Target Gene Amplicons, and Quantitative Reverse Transcription: Polymerase Chain Reaction Analysis
Quantitative reverse transcription polymerase chain reaction (QRT-PCR) analysis was performed on a subset of informative features to validate the microarray results. Selection of genes was intended to represent both upregulated and downregulated transcripts. DNasetreated column-purified total RNA (2 g) was reverse transcribed using random hexamers (200 ng) (Integrated DNA Technology) and RevertAid H Minus M-MuL V Reverse transcriptase (100 U) (Fermentas) in a total volume of 20 l. Negative control reverse transcriptase (NRT) and no-template control (NTC) reactions were performed on a subset of RNA samples from each treatment. Complementary DNA (cDNA) was diluted in nuclease-free H 2O to a final volume of 40 l and stored at Ϫ20°C until QRT-PCR analysis. PCR primers for the genes of interest (GOI) were designed using GeneTool Lite 1.0 (BioTools, Advanced Bioinformatic Solutions) and purchased from Integrated DNA Technologies (Table 1) . Using the primers for the GOI, we performed RT-PCR amplifications using a Mastercycler thermal-cycler (Eppendorf) in 25 l reactions that contained 0.5 l of cDNA (25 ng of input RNA) and 200 nM of both forward and reverse primer. PCR products were separated electrophoretically on 1.0% agarose gels alongside a 1 Kbp ladder (Fermentas) to verify amplification of a single amplicon with no primer dimers. Bands of appropriate molecular size were cut out under UV-illumination and gelextracted using the QIAquick gel extraction kit (Qiagen). The gelextracted PCR product was inserted into a pDrive Cloning Vector (Qiagen), and resulting recombinant vectors were transformed into DH5␣ chemically competent cells (Invitrogen). Desired clones (selected by blue/white screening) were grown overnight in LB/ampicillin/kanamycin broth at 37°C prior to plasmid purification with the QIAprep miniprep kit (Qiagen). Purified recombinant plasmids were sequenced using T7 and SP6 forward and reverse primers (StemCore Laboratories), and the identities of insert sequences were verified using BLASTx against the National Center for Biotechnology Information (NCBI) public databases.
GOI transcript expression levels were quantified by QRT-PCR on the MxPro 3000 (Agilent) using SYBR Green QPCR Core Reagent Kit (Agilent). Samples were taken from fish in the heat stress treatment (n ϭ 6) from all three time points (0, 4, and 24 h). Amplification was carried out in duplicate in a 12.5 l reaction containing 0.5 l template (25 ng of input RNA), 0.25 l-0.5 l primer (2.5 M), 6.25 l SYBR Green, and a volume of RNase/ DNase-free H 20 to bring total volume to 12.5 l. Each primer set was subjected to quality testing, which included dissociation curve to confirm there was only a single peak and amplification efficiency calculation [E ϭ 10 (Ϫ1/slope) ; Ref. 53] based on 5 point fivefold dilution standard curves. The primer sequences and respective calculated efficiencies are reported in Table 1 . Furthermore, threshold cycle (Ct) values of NRT and NTC were at least four cycles greater than Ct values from the most dilute standard. http://physiolgenomics.physiology.org/ GOI messenger RNA (mRNA) expression levels were normalized to ␤-actin, and on each plate, for every sample, the GOI and normalizer gene were run in duplicate. ␤-Actin was chosen as the reference gene as both microarray and QRT-PCR results showed that ␤-actin mRNA levels did not change with heat stress or over time (data not shown). Relative transcript abundance was calculated for each sample according to the equation (53) with an average of the time 0 samples of all six heat-stressed individuals being used as control value (i.e., calibrator). Analysis of mRNA expression with QRT-PCR was conducted for samples in the heat stress experimental group only as the microarray analysis did not detect a great transcriptional change in the time-matched controls.
Statistical Analysis
Statistical significance of the cortisol, hematocrit data, and QRT-PCR data was tested using SigmaStat (v. 3.5, Systat) software. A repeated-measures two-way ANOVA followed by Tukey's post hoc test was used to compare differences in cortisol and hematocrit levels between control and heat stress groups over the time course. A repeated-measures one-way ANOVA was used to compare differences in QRT-PCR results in heat-stressed fish over time. Data that did not pass normality test were log10-transformed before the repeated-measures ANOVA was performed. All data are represented as means Ϯ SE; P Ͻ 0.05 was considered as significant.
RESULTS
Physiological Variables
Hematocrit levels in control fish were not significantly affected by repeated sampling over the 24 h period. There was, however, a significant decrease in the hematocrit at the 24 h sampling point in fish exposed to heat stress (Table 2 ). Plasma cortisol concentration was measured as an indicator of environmental stress and was not significantly different between fish in the control group and those exposed to acute thermal stress at all three sampling times (Fig. 1) . However, there was a significant increase in cortisol in both control fish (2.7-fold increase) and heat stress (2.3-fold increase) fish at 4 h postheat stress. At the 24 h sampling time point, plasma cortisol levels had returned to the same range as measured at the initial sampling point (Fig. 1) .
RBC Gene Transcription
Microarray analysis. Microarray experiments were performed on the RBCs of rainbow trout exposed to heat stress and control conditions to identify genes involved in the heat stress response. A total of 3,072 out of the 16,000 elements on the cGRASP chip were identified as being expressed (i.e., had signal above threshold) in the RBCs of trout under control conditions (i.e., had signal above threshold in all 11 arrays from 0 h time point of both control and heat-stressed treatments) (Supplementary Data S2). In the control group, there was negligible change in gene transcription over the 24 h experimental period, with no genes being reproducibly dysregulated (i.e., having twofold or higher change relative to the reference pool of six undisturbed trout RBC RNA) in all replicate arrays of a given comparison at the 4 h sample point and only two transcripts being reproducibly downregulated at the 24 h sample point [hemoglobin subunit-␤ (accession number CB501013) and ubiquitin carboxyl-terminal hydrolase isozyme (accession number CA053740)]. These genes were removed from any list of informative transcripts reproducibly dysregulated by heat stress to obtain a list of genes that were dysregulated by the acute heat stress and not by cannulation or confinement stress.
We found 59 genes to be reproducibly dysregulated in response to heat stress (i.e., had two or greater fold-change in the arrays hybridized with heat-stressed fish RBC RNA compared with the reference pool of RNA from six undisturbed trout RBCs): 26 genes at 4 h and 33 genes at 24 h (Tables 3 and  4) . Of the genes under early transcriptional control (4 h postheat stress), 24 were upregulated and two were downregulated greater than twofold relative to the reference and were not reproducibly dysregulated in the control arrays. The functions of these genes were found to be related to stress response/ molecular chaperones, immune response, apoptosis, and unknown/other function based on the biological process Gene Ontology (GO) term (Table 3) . Of those genes under late transcriptional control (24 h) 24 genes were upregulated and nine were downregulated greater than twofold in heat stress fish relative to the reference and were not reproducibly dysregulated in the control arrays. These genes were found to fall into similar functional categories as the earlier time point, with genes related to stress response/molecular chaperones, immune response, apoptosis, and unknown/other function. The one additional functional group that was identified at the 24 h time point consisted of genes involved in hematopoiesis (Table 4) . The data discussed in this publication have been deposited in Fig. 1 . Cortisol levels (ng/ml) in the plasma of rainbow trout (Oncorhynchus mykiss) exposed to control conditions or an acute thermal stress. Samples were taken at the onset of the experiment (0 h), 4 h after the acute thermal stress, and 24 h after the onset of the experiment. Vertical bars represent means Ϯ SE (n ϭ 6). *Significance was determined by a repeated-measures 2-way ANOVA (P Ͻ 0.05). Hematocrit values were taken 3 times: 0 h (at onset of experiment), 4 h postheat shock, and 24 h (end of experiment) and are shown as percentages (means Ϯ SE, n ϭ 6). Significance was determined by a repeated-measures 2-way ANOVA, *Significance from 0 h sample point within a treatment (P Ͻ 0.05). NCBI's Gene Expression Omnibus (14) and are accessible through GEO Series accession number GSE21084 (http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGSE21084).
Real-time QRT-PCR.
QRT-PCR was performed on a subset of genes from the functional groupings to validate expression patterns of the microarray analysis data and calculate changes in relative expression based on all individuals involved in the study (Figs. 2 and 3) . Of the six genes selected for QRT-PCR, the changes in relative mRNA expression of Hsp90 and inhibitor of NF-B␣ (IB␣) are congruent with the changes in expression shown by the microarray. Two additional genes (HSBP1 and Mcl-1) confirm the directional change in mRNA expression, but significant upregulation occurs at 4 h postheat stress instead of at 24 h postheat stress as demonstrated by the microarray results (Figs. 2 and 3) . We did not detect a significant change in Hsc70 and Rhombotin-2 mRNA expression with QRT-PCR analysis, despite observing upregulation on the arrays. The observed fold-change of Hsc70, while not significant, agreed in direction of change with the array results at the 4 h time point but not at 24 h. Analysis of the inducible form of Hsp70 was included in QRT-PCR analysis as its expression, at the level of both gene and protein, has been well established in the trout RBCs and the fish in this study are likely responding similarly to those in prior studies utilizing this heat stress protocol (8, 18, 57) .
Of the genes in the "stress/molecular chaperone" group Hsp70 (inducible form), Hsp90, and HSBP1 were all found to be significantly transcriptionally upregulated by heat stress at 4 h postheat stress (357-, 72-, and 6-fold, respectively; P Ͻ 0.01). By the 24 h time point all genes, except for Hsp90 (30-fold upregulation) had returned to control (preheat stress) levels of mRNA expression (Fig. 2) . Hsc70 was not significantly upregulated postheat stress (P ϭ 0.142). Regarding the genes from the nonstress-related groups, IB␣ and Mcl-1 were both significantly upregulated at the 4 h postheat stress time point (seven-and fivefold, respectively; P Ͻ 0.05) and had returned to preheat stress levels late in the recovery period. There was no significant change in relative mRNA expression in Rhombotin-2 after exposure to heat stress (0.109) (Fig. 3) . Using blood allowed us to use QRT-PCR to track changes in mRNA expression within an individual over time. As such, the change in relative mRNA expression for each individual is plotted in addition to the mean value Ϯ SE of the group for each gene, which demonstrated that not all fish exhibit the same or "mean" response pattern during recovery from heat stress.
DISCUSSION
Transcriptomic Response of the RBC to Heat Stress
Our goal was to evaluate the transcriptomic response of fish RBCs to acute thermal stress. In addition, our experimental design allowed us to make observations on the potential effect of extended cannulation/confinement on the gene expression of the RBCs. Although the surgical implantation of a cannula alleviates the stress effects of repeated netting, handling, and anesthesia, the presence of a cannula may still impose stress on the animal (4). Considerable effort has been placed into investigating the effect of cannulation and/or confinement on fish, specifically through describing the time-course changes on indicators of stress such as circulating levels of catecholamines and cortisol (e.g., 38, 42, 66) . Previous studies have shown plasma cortisol levels in rainbow trout peak at 24 h postsurgery (after which levels steadily decline; 3, 19, 21) . Therefore, we took care to ensure that all of our experimental animals were allowed to recover from surgery for at least 24 h before the experiment was begun, and this led to a low cortisol level at the start of the experiment (Fig. 1) . The subsequent increase in circulating levels of cortisol observed in trout at the 4 h postheat stress time point was likely caused by diel fluctuations in blood levels of cortisol and not evidence of confinement stress. Daily fluctuations of cortisol are commonly observed in fish (52) , and rainbow trout have been shown to experience nocturnal elevations in plasma cortisol (79) in a similar pattern as exhibited by the fish in our study (Fig. 1) . This physiological measure of stress is supported by the minimal effect of handling, surgery, and confinement on gene expression in the rainbow trout RBCs compared with the effect of heat stress. These observations give confidence that any changes in gene expression in the heat stress group are most likely a result of the exposure to acute heat stress as opposed to other types of stress (e.g., handling or confinement stress).
In the QRT-PCR analysis of selected microarray informative genes five GOI agreed at least in direction of change with the array results (i.e., Hsp90, IB␣, Mcl-1, HSBP1, and Rhombotin-2). Hsp90, IkB␣, and Mcl-1 showed a significant upregulation in the QRT-PCR study at the same time point as dysregulation was detected by the microarray. HSBP1 was significantly transcriptionally upregulated at 4 h postheat stress and showed negligible changes (agreeing with the microarray results in direction) at 24 h. Rhombotin-2 mRNA expression was upregulated 10.59-fold (in relation to the 0 h controls) by c BLASTx or n hit with the lowest E-value and gene name. BLAST statistics were collected as of March 2010 and reflect entries on the GenBank nr protein database up to that date.
d % ID, percent identity of amino acid residues or nucleotides over length of alignment.
e Functional annotation associated with the salmonid cDNAs best BLAST hit or an annotated putative ortholog from H. sapiens, unless another species name is stated e.g., (D. rerio) or (M. musculus) . GO classes are all BF unless otherwise stated (MF or CC).
f Microarray fold change calculated as the average of the signal ratio between the 24 h postheat stress time point and the initial time point (0 h) in the heat-stressed treatment from at least 4 out of 5 microarrays. SE is representative of biological variance as biological replicates were incorporated into the microarray design. heat stress at 24 h poststress in the microarray, but only showed a nonsignificant upregulation (ϳ4-fold) at 4 h and a small nonsignificant upregulation at 24 h in the QRT-PCR study. Hsc70 mRNA was shown by the microarray to be upregulated at both 4 and 24 h time points (ϳ7-and 3-fold, respectively), however, QRT-PCR only showed a nonsignificant upregulation (ϳ1.5-fold) at 4 h for this transcript and a nonsignificant downregulation at 24 h. There are at least four potential explanations for the disagreements between array and QRT-PCR data in our study. First, this study involved a heterologous hybridization (i.e., most of the features in the 16K cGRASP array are Salmo salar cDNAs), and therefore it is possible that the primers designed on the basis of the informative features are not amplifying the actual rainbow trout ortholog since this fish transcriptome is not completely characterized. Secondly, RBC RNA yielded a relatively low fluorescence signal on the arrays in this experiment despite the high quality of the samples as assessed using the Bioanalyzer (Supplemental Table S1). Low fluorescent signal can enhance the chance of false positives due to the proximity of the signal of the features to the background signal. This is also the main reason why a stringent approach was used for the analysis of the arrays. Thirdly, salmonids are well known pseudo-tetraploids (1) with many closely related paralog of genes. It is possible that cDNA targets from multiple paralog could hybridize to a single probe element on the array, leading for example to an enhanced array signal for a "gene" that is not later detected by more specific QRT-PCR primers. Lastly, since the arrays for one individual had to be dropped from the analysis due to quality issues, the microarray analysis did not involve all the individuals used in the QT-PCR study (n ϭ 5 and n ϭ 6, respectively). For these reasons our microarray results were used to provide a broad overview of genes and pathways that are dysregulated in response to heat stress in the trout RBC, while the QRT-PCR provided validation of genes identified in the microarray study as heat stress responsive, which gives insights on the response of nucleated RBCs to heat stress. The individual traces of relative gene expression in Figs. 2 and 3 demonstrate a variance in the response to heat stress at the level of the transcript that is consistent across genes. Although one must not exclude intrinsic biological variation between individuals as a potential source of variance, these results suggest that within our experimental group there may be individuals that are more tolerant of heat stress and perhaps stress in general.
TRANSCRIPTOME CHANGES IN O. MYKISS NUCLEATED RED BLOOD CELL
Physiol Genomics
Stress response/molecular chaperones. Problems with protein misfolding, denaturation, and aggregation are a constant challenge to the cell under physiological conditions and are heightened when cells are exposed to extended periods of stress (48) . As such, it was not unexpected that one of the major groupings of dysregulated transcripts (at both 4 and 24 h postheat stress) were those involved in the stress response. Under normal conditions, the constitutive form of Hsp70 (Hsc70) functions as an ATP-dependent molecular chaperone by assisting in the folding of newly synthesized polypeptides, the assembly of multiprotein complexes, and the transport of proteins across cellular membranes, whereas the inducible form of Hsp70 is expressed in response to stress and plays an important role in protection against apoptosis (34) . Hsc70 was found to be transcriptionally upregulated by 7-to 13-fold in the trout RBCs at 4 h and ϳ3-fold at 24 h postheat stress in the microarray experiment, indicating that it too may play a role in the cellular stress response. The protective function of Hsc70 has also been reported in fish (41) and in mammals (68, 76) . Hsp70 (inducible) mRNA expression was measured only with QRT-PCR analysis. The results from the trout RBCs in this study are similar to those previously shown with in vivo heat stress in the trout, with substantial upregulation early in the postheat stress recovery period (8) . Hsp90 was also under early transcriptional control in the trout RBC, with substantial upregulation (10-fold for array analysis and 72-fold for QRT-PCR) at the 4 h postheat stress sampling point. In Atlantic cod (Gadus morhua) liver, head kidney, and skeletal muscle an Hsp90 ␣-like transcript was upregulated (e.g., Ͼ150-fold in liver) by acute heat stress at early time points (i.e., at the cessation and 3 h after the cessation of stress) (27) . As with Hsc70, Hsp90 is also constitutively expressed in large quantities in the cytosolic compartment of the cell, but unlike Hsc70, a substantial portion of Hsp90 is associated with membranes and organelles (58) . The expression of Hsp90 and its role as a molecular chaperone are essential for the viability of eukaryotic cells under extended exposure to stress (34) .
Another transcript that was substantially upregulated (fiveto sixfold increase at both time points) in the trout RBCs after heat stress was annotated as the stress-induced phosphoprotein 1, often named Hsp70/Hsp90 organizing protein (Hop) in mammals. This protein is a cochaperone that was originally described as a linker protein that holds together Hsp70 and Hsp90 during the assembly of the Hsp90 chaperone machinery and regulates the activity of both molecular chaperones (48) . Recently, it has also been hypothesized that overexpression of Hop gene early on in the exposure to stress may be required to mediate the induction of Hsp70 and allow it to act as a stress sensor in eukaryotic organisms (47) .
T-complex protein 1 (TCP-1) is part of a chaperonin complex, thought to be present in most organisms, that is responsible for the folding of proteins, particularly tubulin and actin (32) . In previous studies, the chaperonin containing TCP-1 has been copurified with Hsp70, suggesting an interaction between the two that is likely to achieve more efficient protein folding within the cell (35) . In the trout erythrocyte, the TCP-1 subunit epsilon (CCT5) transcript was substantially upregulated at both early and late postheat stress sample points in the microarray experiment, suggesting an essential role in maintaining protein homeostasis poststress in the teleost RBCs. Moreover, both CCT1 and CCT5-like transcripts were found to be upregulated ϳ10 fold by acute heat stress in the liver of Atlantic cod (G. morhua) 3 h after the cessation of an 8 degree heat shock (27) .
Several genes dysregulated at the mRNA level in response to acute heat stress in the trout RBC are linked with the stimulation or continuation of the cellular stress response. However, at the 4 h sample point in QRT-PCR analysis and the 24 h sample point in the microarray analysis upregulation (ϳ6-fold) of Hsp70-binding protein 1 (HSBP1) transcript, a negative regulator of the heat stress response, is indicative of the attenuation of the stress response. In mammals, overexpression of HSBP1 inhibits the transcriptional activator activity of the heat stress transcription factors (37, 62) . However, to our knowledge, the presence of HSBP1 has not been shown in teleosts until now.
Immune response. In addition to an upregulation of transcripts involved in the cellular stress response, acute heat stress also stimulated the dysregulation at the mRNA level of several genes linked to the immune response at both the early and late recovery sampling periods. At 4 h postheat stress, a twofold upregulation of the transcript for apolipoprotein A-1 (apoA-1) precursor was observed in the microarray analysis. apoA-1 is the major protein component of high-density lipoprotein particles and is traditionally known for its participation in the reverse transport of cholesterol from the tissue to the liver for excretion (7) . It is synthesized as a precursor molecule (putatively encoded by a transcript shown to be dysregulated in this study) and cleaved in the plasma to form the mature protein (20) . Recent studies have also shown apoA-1 to have more diverse protective role as an antiatherosclerotic, antioxidant, anti-inflammatory, and antithrombotic agent (71) . In fish, apoA-1 is thought to play a restorative and protective role as well as a possible antimicrobial agent (7, 71) . apoA-1 expression at the protein level has been demonstrated in an evergrowing list of teleost tissues: liver, epidermal cells, gill epithelial cells, intestinal mucosa, brain, spleen, kidney, muscle, and heart (7, 65, 71) and now also at the transcript level in the RBC.
Late in the recovery period there was further activation of the innate immune response through the upregulation of transcripts, as detected by the microarray study, involved in the major histocompatibility complex (MHC class I, 2.5-fold; tapasin precursor, 2-fold) and viperin, which has antiviral and antibacterial properties (17, 59) . Exposure of cells to stress stimuli (such as heat shock) leads to the accumulation of unfolded or misfolded proteins in the lumen of the endoplasmic reticulum (25) . The cell responds by activating the MHC, such as the class I proteins, which are found on virtually all vertebrate cells. MHC class I transcript was also upregulated in Atlantic cod exposed to chronic temperature elevation (50) . Tapasin is a transmembrane glycoprotein, which mediates the interaction between newly assembled MHC class I molecules and the transporter associated with an antigen processing. All of the above are required for the transport of antigenic peptides across the endoplasmic reticulum membrane and optimal pep-tide loading on the MHC class I molecule (56) . Given that many pathogens will increase their growth rates and population size with temperature increases within their thermal tolerance zone, it is possible that the upregulation of these genes involved in the innate immune response may be an anticipatory response by the fish to a potential increase in pathogen load.
Apoptosis. Apoptosis is programmed cell death that is essential for the removal of overabundant, defective, or harmful nucleated cells. The integrity of RBCs is constantly challenged by physiological conditions in circulation, which may be exacerbated by changes in environmental conditions that are stressful enough to disrupt cellular homeostasis. If erythrocytes were to rupture due to damage (physical or physiological), the release of hemoglobin into the extracellular fluid would be fatal to the organism (33) . To prevent such a situation, RBCs rely upon the controlled/programmed cell death to allow for disposal without the release of intracellular contents (33) . In trout RBCs exposed to acute heat stress, several transcripts encoding putative transcription factors linked with apoptosis were substantially dysregulated (Tables 3 and 4) .
The transcript for IB␣, which is one the inhibitor proteins for the NF-B family of transcription factors, was substantially upregulated at both the 4 h (ninefold) and 24 h (fourfold) time points during recovery from heat stress. The NF-B transcription factors form one of the front line defenses against threats to the health of an organism (bacterial/viral infections and physiological stresses) (51) . When NF-B is in the active state, it translocates from the cytoplasm to the nucleus where it stimulates the transcription of various proinflammatory and antiapoptotic factors (30) . This response in turn causes an increase in transcription of the IB␣ gene. IB␣ then binds to NF-B, causing its dissociation from NF-B binding sites in regulatory and/or promoter regions of NF-B-regulated genes, and the inactivated transcription factor is then transported back to the cytoplasm (72) . The upregulation of IB␣ during the recovery period suggests that the antiapoptotic NF-B was most likely active immediately postheat stress, and we are observing the return to a neutral state during the recovery period (through inactivation of the transcription factor by the inhibitory protein). There is growing evidence of the regulation of NF-B by HSPs, in which HSPs suppress activity of NF-B through increased expression of IB␣ mRNA and protein levels in endothelial cells (11, 77) . The upregulation of both HSPs and IB␣ transcripts during the recovery from heat stress suggests that HSPs may regulate NF-B in the trout RBCs, although further experiments must be conducted to establish this link definitively.
A similar pattern of gene transcription to that of IB␣ was observed with the AN1-type zinc finger protein gene (eightfold upregulation at 4 h, twofold upregulation at 24 h postheat stress). The AN1-type zinc finger protein is a highly conserved stress responsive transcription factor (28) . It is induced by the cytokine tumor necrosis factor, although the exact role it plays in apoptosis is still to be determined (28) . The upregulation of A20/AN1 genes also provides further evidence that NF-B activity was most likely increased early in the heat shock response, as NF-B is a strong inducer of the members of the A20/AN1-zinc finger proteins (51) . A similar trend was observed in transcription factor JunB mRNA expression, which was upregulated ϳ7-fold at both the 4 and 24 h sampling points. Transcription factor JunB is a member of the activator protein 1 transcription complex, which regulates many cellular processes (proliferation, differentiation, apoptosis, and cellular stress response) and is essential for many physiological functions at the level of the organism (54) . These transcription factors can act either positively or negatively on transcription depending on their composition, their posttranslational modifications, target gene, the cell context, and the environmental signal (54) , and more study is required, particularly in the nucleated RBCs of lower vertebrates, before it can be determined if JunB has a pro-or antiapoptotic role in the cell.
The only informative transcript with an apoptosis related annotation that was downregulated in response to heat stress was Rhotekin-2, which exhibited a ninefold decrease in expression late in the recovery period from heat stress. Rhotekin-2 is an activator of NF-B, inducing antiapoptotic activity. Therefore, the downregulation of this gene complements the inhibition of NF-B by IB␣ and the return to a normal physiological state we observed late in the recovery period and potentially stimulates apoptosis for the housekeeping role of removing those cells damaged beyond repair by the heat stress.
Hematopoiesis. At the 24 h recovery period a group of genes was upregulated that had the common putative function of hematopoiesis: Rhombotin-2 (ϳ10-fold in array but not with QRT-PCR), Mcl-1 protein (ϳ9-fold with array and 5-fold with QRT-PCR) and grancalcin (ϳ4-fold). The process of hematopoiesis is well studied in mammals, specifically humans, but information on the development and differentiation of the nucleated RBCs of other vertebrates is limited (46) . Rhombotin-2, Mcl-1, and grancalcin have all been linked with hematopoiesis in human blood cells (39, 49, 79) , but to our knowledge their roles in hematopoiesis of nonmammalian vertebrates has yet to be shown. The process of hematopoiesis is controlled by both humeral and transcriptional factors, and rhombotin-2 is one of the main genes necessary for RBC development (79) . Apoptosis plays an important role in maintaining a balance between the protection of stem cells or terminally differentiated cell types and the elimination of damaged or nonfunctional cells. Mcl-1 is a member of the Bcl-2 subfamily of antiapoptotic proteins that serve as critical regulators of the pathways involved in apoptosis and are also strict regulators of hematopoietic cell survival (49) . Mcl-1 plays a pivotal role in both the development and maintenance of the hematopoietic system (75) . Although Mcl-1 is important early on in the development of erythroid cells in mammals, it is the Bcl-X L member of the Bcl-2 family that is the essential survival for RBCs (49) . As observed in our hematocrit measurements, the proportion of erythroid cells in the total blood volume significantly decreased at the 24 h sampling period in fish exposed to acute heat stress ( Table 4) . The upregulation of genes linked with hematopoiesis is suggestive of a stimulation of the hematopoietic pathway to increase the RBC number in these fish. Moreover, the Mcl-1 gene was recently characterized in Atlantic cod (G. morhua). A constitutive transcript expression study involving six tissues (blood, brain, gill, head kidney, spleen, and pyloric cecum) showed that cod Mcl-1 mRNA expression was highest in blood (16 Other functions/unknowns. Microarray analysis of the response of the trout RBC postheat stress also unveiled several genes whose function did not fall into any of the major gene function clusters and also many unknown transcripts. At the 24 h sampling point NADH dehydrogenase (NADH:ubiquinone oxidoreductase or complex 1) transcript underwent a twofold upregulation. The enzyme encoded by this transcript is a large multisubunit assembly of the mitochondrial inner membrane that is an electron carrier of the electron transport chain and functions in driving ATP synthesis (45) . Another upregulated transcript was the tubulin ␤-6 chain (ϳ3-fold). Tubulin is one of the structural elements of microtubules, which with microfilaments and intermediate filaments comprise the cytoskeleton. The cytoskeleton is important in determining cell shape and the partitioning of organelles (36) . There is growing evidence that molecular chaperones and chaperonins such as the HSPs and TCP-1 assist in the formation of cytoskeletal proteins and may influence the organization and function of microtubules, microfilaments, and intermediate filaments (36) . In the liver of Atlantic cod, the transcripts for two putative members of the CCT chaperonin complex (i.e., CCT1 and CCT5), a putative member of the Hsp70 family, and a putative member the Hsp90 family were upregulated by acute heat stress (27) . It is possible that the acute heat stress caused some damage to the cytoskeleton of the trout RBC and in the Atlantic cod liver cells. Therefore, the upregulation of the HSPs and TCP-1 may be linked to the production of ␤-tubulin and involved in the repair of the cytoskeletal components of the RBC. There is evidence in the literature of members of the Hsp70 family facilitating the repair of the centrosome and intermediate filaments during heat stress; however, clarification of this issue requires a better understanding the interaction between molecular chaperones and the cytoskeleton (36) .
A large percentage of transcripts that have unknown function or no homology to known sequences were identified as being responsive to acute heat stress at both the 4 and 24 h time points. It is possible that these genes may play critical roles in the cellular stress response that have yet to be identified or studied in salmonid species. Future studies could possibly elucidate the function of these genes in the stress response of the trout RBC.
Summary
Exposure to acute heat stress caused numerous changes in the transcriptome of the rainbow trout RBC and provided evidence of early and late transcriptional regulation during the recovery from heat stress. In addition to the induction of molecular chaperones and other cellular stress response proteins, the trout RBC also demonstrated the upregulation of transcripts encoding proteins that are involved in the innate immune response, apoptosis, and hematopoiesis. Furthermore, the upregulation of numerous genes involved in biological mechanisms other than the stress response in teleost RBC is contrary to the situation in Drosophila tissues, which show most previously active genes to be suppressed once the genes for heat shock proteins are activated (43, 44) .
The simultaneous response of molecular chaperones and genes involved in apoptosis in RBC exposed to heat stress further emphasizes that these two pathways are intricately linked during the cellular stress response. It appears that initially HSPs associate with key stress signaling and apoptotic molecules and in doing so block cell death and promote survival. However, the balance between these two pathways depends on the intensity and duration of the stress; once the stress intensifies and the molecular chaperones are no longer able to repair damage and maintain cellular homeostasis, cell death will eventually occur either by necrosis or apoptosis (29) . In the heat-stressed trout RBC it appears that HSPs are initially upregulated to ensure the survival of cells that have sustained reparable molecular damage and apoptosis is stimulated to safely dispose of those cells that have been damaged beyond repair by the heat stress. These data emphasize the need for more information on the controlled cell death of nucleated RBCs. Studies on the molecular control of eryptosis and hematopoiesis of the nucleated RBCs of lower vertebrates, such as teleosts, would greatly enhance the understanding of the intricate balance between the HSP and apoptosis signaling pathways in response to stress.
